ABSTRACT
Introduction
In order to quickly find damage to chemical plants, nuclear reactors, and other such installations, an actuator capable of free movement in a complex pipe is required. Safety issues have encouraged the use of such actuators in recent years for a variety of tasks, including inspection, maintenance, and cleaning. On the other hand, there is increasing demand for in-piping actuators, which can be used to insert electrical wires into the complex pipe structure of newly constructed buildings. Several studies have investigated possible mechanisms for movement within pipes [1] [2] [3] [4] [5] [6] [7] .
However, a freely movable actuator in a complex pipe of small inner diameter with several curved sections and step sections has not yet been investigated. As such, the authors proposed [8] a new globular magnetic actuator that is capable of free movement in a complex pipe having an inner diameter of 25 mm. There are potential problems in the design of the actuator, and it is necessary to increase the propulsion force of the total system in order to install additional components, such as a micro-camera and a transmitter. The propulsion force of the total system is expected to be doubled by connecting two actuators having the same characteristics.
The present paper proposes a globular magnetic actuator group that is capable of free reversible movement in a complex pipe. Two actuators of the same size and characteristics were coupled by the magnetic connection method, which generates almost no mechanical loss. Furthermore, we introduce reversible motion of the globular magnetic actuator group through on-off control of the input current in eight shape-memory-alloy (SMA) coils.
Experimental results reveal that the propulsion force of the two actuators is twice that compared of a single actuator. The possibility of increasing the propulsion force of the total system N times by connecting N single actuators is then demonstrated. In addition, this actuator group is able to move freely in a complex pipe with several curved sections and step sections.
The results indicate the feasibility of the realization of a highly mobile actuator group capable of reversible movement in complex pipes of small diameter.
Globular Magnetic Actuator Group
Capable of Free Reversible Movement in a Complex Pipe Figure 1 shows globular magnetic actuators A and B, which have the same size and characteristics. The actuators are combined using the magnetic connection method. Each actuator is composed of a hollow acrylic ball in diameter 20 mm with a groove, a propulsion module inserted in the acrylic ball, the four shape-memory-alloy (SMA) coils A, B, C and D, two caps attached at tips of the acrylic balls, two-layer compound materials A and B, four copper conductors attached to the compound material, and an acrylic pole as shown Figure 2 . The SMA coil is in the shape of a spring with an outer diameter of 0.4 mm and a length of 14 mm when the SMA coil is fully contracted. The outer diameter of the SMA wire used to form the SMA coil is 0.15 mm. This SMA coil has an electrical resistance of 400 Ω per unit length. Accordingly, the electrical resistance of this SMA coil is 5.6
Ω. The compound material used to support the actuator group in the pipe is composed of a natural rubber and a thin plastic sheet. The compound material has a length of 40 mm and a width of 7 mm. The thickness of the rubber is 1.2 mm, and the thickness of the plastic sheet is 0.2 mm. The propulsion module of each actuator consists of two identical permanent magnets, two acrylic pipes, a translational spring, and an electromagnet, as shown in Figure 1 . A permanent magnet was attached to an acrylic pipe having an outer diameter of 8 mm, and the acrylic pipe was attached to the acrylic ball. A mass-spring system composed of the electromagnet and the translational spring was inserted into the acrylic ball. The translational spring is constructed of stainless steel and has an outer diameter of 7 mm, a free length of 12 mm, and a spring constant of k = 880 N/m. The permanent magnet is a cylindrical NdFeB magnet and is magnetized in the axial direction. The magnet is 7 mm in diameter and 3 mm in height. The surface magnetic flux density as measured by a teslameter is 345 mT. The electromagnet consists of an iron core of 2.2 mm in diameter with 350 turns of 0.14 mm diameter copper wire. The electrical resistance of the electromagnet is 5 . The gap between the iron core and the permanent magnet in the static condition is 2 mm. The total mass of the globular magnetic actuator group is 18 g. The two actuators were coupled by the magnetic connection method, as shown in Figures 1 and 3 . The magnetic connection component is composed of a steel rod with an outer diameter of 1.7 mm and a length of 7.6 mm, and two plastic circular plates with an outer diameter of 7 mm and a thickness of 0.8 mm. This circular plate has a hole with a groove to connect electrical wires. The magnetic connection rod and the permanent magnets attached to both edges of the individual actuator are combined magnetically. The constraint force due to this method is a very strong in the longitudinal direction and has very weak in the lateral direction, as shown in Figure 3 . For this magnetic connection, the constraint force in the longitudinal direction is 0.98 N. On the other hand, the connection of the two actuators is easily canceled by a force of 0.03 N acting at the tip of a steel rod.
Principle of Locomotion
We think that the actuator group moves by using the inertia force of each vibrating mass, m. The principle of locomotion is as follows.
1) As shown in Figure 4 (a), the supporting force of the compound material is not changed due to the inertia force of a vibrating mass, m, when the vibrating mass, m, vibrates in the positive z direction. The actuator group is able to slide when the inertia force of the vibrating mass, m, is larger than the frictional force between the compound material and the wall of the pipe.
2) On the other hand, as shown in Figure 4(b) , the tip of the compound material is locked to the inner wall of the pipe when the vibrating mass, m, moves in the negative z direction. In this case, the frictional force between the compound material and the wall of the pipe becomes quite large compared with the inertia force of the vibrating mass, m. Therefore, the actuator group is not able to move.
3) The frictional force between the compound material and the wall of the pipe inside alternately changes during one period of vibration. As a result, the actuator is able to move only in one direction of the z coordinate. On the other hand, the compound material A is completely enclosed when the direct current of 0.2 A is applied to SMA coils A and B of the individual actuator. SMA coils C and D are cooled by air-cooling when the supply of the direct current into SMA coils C and D is stopped. After a few seconds, the compound material B of the individual actuator is released by the elastic restoration force of the material itself. As a result, the globular magnetic actuator group is able to move straight downward in Figure 5(b) . The acrylic ball has a groove of 8 mm in width and 2 mm in depth, because the compound material and inner wall of the pipe are not in contact when the compound material was completely enclosed.
Principle of Reversible Motion
The eight SMA coils were connected to the DC power supply, and the electromagnet was connected to an amplifier, as shown in Figure 6 . Five electrical wires with outer diameters of 0.1 mm were used to control the movement direction of the globular magnetic actuator group.
Locomotion Characteristics of the Globular Magnetic Actuator Group
An experimental test was conducted using the apparatus shown in Figure 7 . The resonance frequency of the magnetic actuator as measured by the experimental apparatus was 132 Hz. In the present paper, the effective value of an alternating current into the electromagnets of the actuator group is 0.4 A, unless otherwise noted. The solid line in Figure 8 indicates the relationship between inner diameter of the straight pipe and the vertical upward speed of the globular magnetic actuator group capable of reversible motion for the case in which the width of the compound material was 7 mm. The broken line in Figure 8 indicates the results for the single actuator for the case in which the effective value of the alternating current into the electromagnet is 0.2 A. The moving characteristic of the globular magnetic actuator group indicates good performance over a wide range of inner diameters of from 23 mm to 30 mm. The measurement of the moving speed for the actuator was then carried out using the compound material with a width of 7 mm. Figure 9 shows the relationship between the tilt angle α of the pipe, as shown in Figure 7 , and the speed of the globular magnetic actuator group with respect to the straight pipe having an inner diameter of 23 mm, 25 mm, and 27 mm. The tilt angle α was varied from -90˚ (straight downward) to 90˚ (straight upward). The maximum vertical upward speed was 73 mm/s for the case in which the inner diameter of the pipe was 25 mm. Figure 10 shows the relationship between the load mass and the vertical upward speed of the actuator group for a straight pipe having an inner diameter of 23 mm, 25 mm, and 27 mm. In this case, the mass was divided into two halves, which were applied to actuators A and B using two strings. This figure indicates that the globular magnetic actuator group was able to climb at a rate of 29 mm/s when pulling the load mass of 48 g through a pipe having an inner diameter of 25 mm, indicating moderately high performance. In this figure, the broken line shows the results of the single actuator for the case in which the effective value of the alternating current into the electromagnet is 0.2 A. The propulsion force of the two actuators is twice that of the single actuator. The propulsion force of the total system obtained by connecting an actuator constructed of N single actuators increases N times. Figure 11 shows a schematic diagram of a complex pipe with several curved sections and step sections of 1.5 mm in the pipe. In addition, the diameter of the curved section and the diameter of the entrance section are different. A complex pipe with such a configuration is often used as joints of water supplies, cooling pipes, and heat exchangers. This complex pipe was constructed by combining two polyvinyl chloride U-joint pipes. The measurement distance was set as 110 mm with the one curved section and the two straight sections. The average speed was measured for two patterns of movement in the horizontal direction, as shown in Figure 12. Compared to pattern I, in pattern II, the body of the globular magnetic actuator group in the pipe is rotated 90 degrees.
Locomotion Characteristics of the Globular Magnetic Actuator Group in a Complex Pipe
The experimental results show that, for both patterns, the average speed of the magnetic actuator group exceeds 30 mm/s by using the magnetic connection method demonstrated in this paper. Step of 1.5 mm
Step of 1. 
Conclusions
A globular magnetic actuator group capable of free movement in a complex pipe has been proposed and tested. In addition, we proposed a reversible motion of the globular magnetic actuator group due to on-off control of the input current into eight SMA coils. The experimental result indicates that the globular magnetic actuator group was able to climb at a rate of 29 mm/s when pulling a load mass of 48 g through a pipe having an inner diameter of 25 mm. The average speed was measured for two patterns of movement in a complex pipe. The results demonstrated that the globular magnetic actuator group was able to move in a complex pipe at an average speed of over 30 mm/s. The results of the present study demonstrated that the propulsion force of the total system of globular magnetic actuators can be increased N times by connecting N actuators. The propulsion force can be increased considerably by combining several actuators in series. In addition, the group of actuators can be easily driven using simple equipment, such as a generator and an amplifier. The proposed globular magnetic actuator system has several possible applications, including inspection using a micro-camera and pipe maintenance.
